Superconductor Science and Technology

PAPER You may also like

- Stress, strain and electromechanical

Oxygen out-diffusion in REBCO coated conductor anaiies of (RE10a,CurO. conductrs
using three-dimensiona o-dimensional

d ue to heat| ng mixed-dimensional modeling: fabrication
cooling and tensile behavior
Peifeng Gao, Wan-Kan Chan, Xingzhe

Wang et al.

To cite this article: Jun Lu et al 2021 Supercond. Sci. Technol. 34 075004
- Status of CORC® cables and wires for use
in high-field magnets and power systems a
decade after their introduction
D C van der Laan, J D Weiss and D M
McRae

View the article online for updates and enhancements.

- Multifilamentary coated conductors for

ultra-high magnetic field applications
A C Wulff, A B Abrahamsen and A R

Insinga

This content was downloaded from IP address 146.201.200.216 on 15/11/2021 at 16:53


https://doi.org/10.1088/1361-6668/abfd0c
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/ab7778
https://iopscience.iop.org/article/10.1088/1361-6668/aafc82
https://iopscience.iop.org/article/10.1088/1361-6668/aafc82
https://iopscience.iop.org/article/10.1088/1361-6668/aafc82
https://iopscience.iop.org/article/10.1088/1361-6668/aafc82
https://iopscience.iop.org/article/10.1088/1361-6668/aafc82
https://iopscience.iop.org/article/10.1088/1361-6668/abee2b
https://iopscience.iop.org/article/10.1088/1361-6668/abee2b
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvSxda6yZnc8efw8AFFTHQu0tOiHpMSlgUgfKzPxVIErhhNTedWV_DTLpiBfEXWX2zpl9_gLek1OWaiNvxQAknNtoKlL-kvDIHPBqSfbg_nsAEIFDRJuLVd0a4FeazPsbwJHJIRaHAQNkBezuffsweDi0xE_FRfxdRpwMexgFFBveTUGO91pXkzgSo3faKuk-YK9q0GU1crWrrFUfCh5EUBXgJ_oIJlFm63bqYs_28CBD3vmxErAappeKs5_fqr6dWnQ38M55lNzJXlOXrl81G7AZfBPqNGCB8&sig=Cg0ArKJSzDOVrcDeiKQ-&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books

10P Publishing

Superconductor Science and Technology

Supercond. Sci. Technol. 34 (2021) 075004 (10pp)

https://doi.org/10.1088/1361-6668/abfd0c

Oxygen out-diffusion in REBCO coated
conductor due to heating

Jun Lu

, Yan Xin, Brent Jarvis and Hongyu Bai

Magnet science and technology, National high magnetic field laboratory, Tallahassee, FL 32310,

United States of America

E-mail: junlu@magnet.fsu.edu
Received 4 March 2021, revised 14 April 2021

Accepted for publication 29 April 2021
Published 24 May 2021

Abstract

®

CrossMark

Rare earth barium copper oxide (REBCO) coated conductor has emerged as one of the high T
superconductors suitable for future ultrahigh field superconducting magnet applications. In the
design and fabrication of such ultrahigh field REBCO magnets, it is essential to understand the
behavior of REBCO coated conductor. The effect of heating on the properties of commercial
REBCO coated conductors is very important for many practical reasons. Nevertheless, a
comprehensive study on this effect have not yet been presented in the published literature. This
work studies a commercial REBCO coated conductor heat-treated at temperatures between

175 °C and 300 °C for various durations. Critical current and lap joint resistivity were measured
at 77 K and 4.2 K for the heat-treated samples. We found that critical current degrades with heat
treatment time and temperature. This degradation can be described by a one-dimensional
oxygen out-diffusion model with a diffusion coefficient of D = 2.5 x 107¢ exp

(—1.17 eV kT~!") m? s~!. The heat treatment also causes appreciable increase in joint
resistivity. Comprehensive structural and chemical analyses were performed on Cu/Ag/RECBO
interfaces by transmission electron microscopy. Our electron energy loss spectroscopy study
provided direct evidence of oxygen deficiency in the heat treated REBCO samples. In addition,
it is found that the oxygen diffused out of the REBCO layer forms mostly Cu,O at both
Ag/REBCO and Cu/Ag interfaces. Cu,O is also observed at grain boundaries of the Ag layer.
The oxygen out-diffusion model proposed in this work is used to predict REBCO thermal

degradation in several engineering scenarios.

Keywords: REBCO, oxygen diffusion, thermal degradation, critical current, joint resistivity

(Some figures may appear in colour only in the online journal)

1. Introduction

Rare earth barium copper oxide (REBCO) coated conductor
has been developing rapidly since the last decade. It has
achieved very high critical current density at liquid helium
temperatures in very high magnetic fields. This allows it to
be used as the preferred conductor for ultrahigh field super-
conducting magnets development [1-3]. REBCO coated con-
ductor, however, is a relatively new technology, many aspects
of its properties are still being explored by researchers in the
superconducting magnet community. For ultrahigh field mag-
net applications in particular, the properties of the REBCO
conductors have to be fully explored. The fundamental physics

1361-6668/21/075004+10$33.00

and materials science of these properties have to be well under-
stood as well. One of these important properties is the effect
of heating on REBCQ’s critical current (/) and lap joint res-
istivity.

Heating is inevitable during REBCO coil fabrication and
operation. For example, heating is required in the soldering
processes, such as lamination of copper stabilizer or fabric-
ation of solder joints and terminals. While during magnet
quenches the hot spots in REBCO can reach considerably high
temperatures although only for a short period of time. Simil-
arly, in power applications such as fault current limiters, fault
current much higher than critical current may occur for a short
period of time heating REBCO conductor considerably [4].

© 2021 IOP Publishing Ltd  Printed in the UK
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The experimental results in the literature indicated that I
degrades with increasing heating temperature and time [5—
7]. This suggests that heating of REBCO should be minim-
ized whenever possible. In some cases, however, controlled /.
degradation could be beneficial. This is when /. needs to be
slightly reduced from its nominal production value in order to
minimize the electromagnetic stress due to screening current
in various magnet coils. Some research and development have
already pointed to this direction [8, 9].

Meanwhile the practical piece-length of commercial
REBCO tapes is typically limited to about 100 m at present,
large number of solder joints are needed in a practical ultrahigh
field REBCO magnet. Therefore, having low joint resistivity
is essential to the energy efficiency. Since the joint resistivity
is dominated by the interfacial resistivity between the REBCO
and the silver layer [10], it is conceivable that heating changes
the chemistry of the REBCO layer especially near the REB-
CO/Ag interface which in turn changes the joint resistivity.
Understanding the heating effect on joint resistivity could help
us to determine the maximum allowable joint soldering tem-
perature and time. The study in this area, however, has not
been reported.

In this work, we systematically study the effect of heating
on both /. and joint resistivity of REBCO coated conductor
made by SuperPower Inc. The data are analyzed by using a
simple oxygen diffusion model, which is then used to pre-
dict the /. and joint resistivity of REBCO as functions of heat
treatment time and temperature. In addition, a comprehensive
transmission electron microscopy (TEM) study provided dir-
ect evidence of oxygen out-diffusion in heat-treated samples.

2. Experiment

Two types of REBCO tapes are used in this work. Both
are 4 mm wide made by SuperPower. One is SCS4050-
AP with 20 um thick copper stabilizer on each side. The
other is SF4050-AP without Cu stabilizer (silver finish only).
Figure 1(a) is an optical micrograph of a cross-section of
SCS4050-AP tape. From the 50 pm Hastelloy substrate up,
there is a thin metal oxide buffer layer, a REBCO layer of
about 1 pm (dark contrast), a silver layer of less than 1 pym
(light contrast), and a 20 um Cu stabilizer layer. Scanning
transmission electron microscopy (STEM) images of more
details of two locations in figure 1(a) is shown in figures 1(b)
and (c) respectively.

The REBCO tapes were cut to 80 mm long samples for heat
treatments. Heat treatment were performed in either air, pure
argon or vacuum at temperatures between 175 °C and 300 °C
in a quartz tube furnace. Air and pure argon were at ambient
pressure. The vacuum was better than 1 x 10~* millibar.

The transport critical current of heat-treated samples was
measured in liquid nitrogen and self-field by using the four-
probe method. The distance between voltage taps was 40 mm.
The criterion for determining critical current is 1 xV cm™!,
The magnetization critical current was measured at 4.2 K in

Figure 1. (a) Optical micrograph of a cross-section of SuperPower
SCS4050-AP coated conductor, where the thin dark line above the
Hastelloy C-276 is the REBCO layer. (b) HAADF-STEM image of
the upper boxed region; (¢) HAADF-STEM image of the lower
boxed region.

8.5 T magnetic field by a vibrating sample magnetometer in
a physical property measurement system made by Quantum
Design. In this measurement, the applied magnetic field was
perpendicular to REBCO’s ab plane; and the typical sample
size was 4 x 7 mm?. A formula M = (1/2)J.w(1 w/3 1) [11] is
used to convert magnetization M to critical current density J.,
where w and [ are sample width and length, respectively.

For joint resistivity studies, lap joints were made from
samples heat treated in argon. This is to minimize the effect of
surface oxidation on joint resistivity. In order to further minim-
ize the surface effect, the sample surface was lightly polished
by Scotch-brite abrasive pads before the lap joint was soldered.
The lap joints are 25 mm long, soldered by Pb37Sn63 solder
with the help of a dedicated soldering fixture [10] at about
210 °C for about 1 min. The joint resistivity was measured
using the four-probe method performed in both liquid nitro-
gen and liquid helium without applied magnetic field. For
both transport critical current and the joint resistivity meas-
urements, the current source was a Sorenson P63, 0-1000 A
DC power supply. The voltage was measured by a Keithley
2182A digital nanovoltmeter.

TEM samples were prepared by focused ion beam in
the Thermal Fisher Scientific Helios G4 DualBeam scan-
ning electron microscope. TEM was performed on the probe-
aberration-corrected, cold emission JEOL JEM-ARM200cF
at 200 kV with point resolution of 0.08 nm. The microstruc-
tures of the samples were imaged by high-angle-annular-dark
field STEM (HAADF-STEM) and annular-bright-field STEM
(ABF-STEM). The general elemental chemical analysis in
TEM was performed by energy dispersive spectroscopy (EDS)
mapping. The oxygen content analysis in the REBCO layer
was performed by electron energy loss spectroscopy spectrum
imaging (EELS-SI). For EELS-SI, the electron probe size was
0.12 nm, and the energy resolution was 0.5 eV.
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3. Results

3.1 I; degradation due to heat treatment

We heat-treated SCS4050-AP samples for 2 h at different tem-
peratures in air. The /. of these samples are normalized to
that of as-received samples and plotted against heat treatment
temperature in figure 2(a). The data include both transport
measurement at 77 K in self-field and magnetization meas-
urement at 4.2 K in 8.5 T field perpendicular to ab plane.
Evidently, considerable /. degradation occurs between 200 °C
and 300 °C, which aggravates with increasing temperature.
The relatively small difference in degradation between 77 K
self-field transport data and 4.2 K 8.5 T magnetization data
could be explained by the difference in flux pinning mechan-
isms at different temperature and field orientations [12]. /. of
samples heat-treated at 300 °C for different durations are plot-
ted in figure 2(b). As expected /. decreases monotonically with
increasing heat-treatment time, as observed in [7].

It can be speculated that this thermal degradation is associ-
ated with oxygen out-diffusion from the REBCO layer. This
oxygen out-diffusion causes oxygen deficiency in the REBCO
layer, which results in partial or complete loss of its supercon-
ductivity. In order to prove this hypothesis, we use a simple
one-dimensional oxygen out-diffusion model to fit our data.
Here the effective diffusion coefficient D can be written as,

D = Doexp (—E, /KT) (1)

where Dy is a constant in m? s~!, E, is the activation energy, k
is the Boltzmann constant, and 7 is the heat treatment temper-
ature in kelvin. Following the Fick’s law, the diffusion length
x which in our case corresponds to the thickness of the oxygen
deficient layer can be written as

x=2VDt @)

where 7 is the heat treatment time in second.
Simply assuming that REBCO within the diffusion length
x is no longer superconducting, /. can be written as,

I. = Io(1 — x/d) 3

where I is the I. before heat treatment, d is the total REBCO
layer thickness.

We use equations (1)—(3) to fit the experimental data and
plotted as lines in figures 2(a) and (b). The fittings are quite
satisfactory with Dy = 2.5 x 107®m? s~!, E, = 1.17 V. So
we have

D =25 x 10 %xp (—1.17 eV/kT) m*s ™. “)

In order to understand the role of Cu stabilizer in oxygen
out-diffusion process, we heat treated an SF4050-AP sample
(silver finish only) in air at 300 °C for 2 h for comparison. In
contrast to the severe /. degradation of SCS4050-AP sample
with the same heat treatment, the SF4050-AP sample does
not show significant /. degradation. When the SF4050-AP
samples were heat treated in vacuum, however, its /. degraded
similarly as observed in SCS4050-AP samples, as shown in
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Figure 2. (a) Normalized /. of SCS4050-AP samples heat-treated
for 2 h at different temperatures in air. Both 77 K self-field transport
I and 4.2 K magnetization /. measured in 8.5 T field perpendicular
to ab plane are presented. (b) Normalized 77 K 1. of SCS4050-AP
samples heat-treated at 300 °C in air for different durations. The
line in each plot is a simulation calculated by equations (1)—(4).

figure 3. The fact that REBCO suffers similar /. degradation in
vacuum with or without Cu stabilizer suggests that the oxygen
out-diffusion process in SCS4050-AP sample is not hindered
by the Cu stabilizer layer. More details of the oxygen out-
diffusion process will be discussed in section 4.

3.2. Effect of heat treatment on lap joint resistivity

The resistivity of joints made by heat treated REBCO were
measured at both 4.2 and 77 K. Linear V-I traces were meas-
ured up to critical current for 77 K tests, and up to 200 A for
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Figure 3. /. measured at 77 K after heat treatment for 2 h at
different temperatures. A comparison of SF4050 (without Cu
stabilizer layer) and SCS4050 (with Cu stabilizer layer).

4.2 K tests. The joint resistivity is plotted as a function of tem-
perature of 2.5 h heat treatment (figure 4(a)) and heat treatment
time at 200 °C (figure 4(b)). The solid lines are guides to the
eye. Obviously joint resistivity increases monotonically with
heat treatment temperature and time, which is in support of
the oxygen out-diffusion model. It should be noted that even
with a moderate heat treatment of 30 min at 200 °C, which
is possible to be experienced by REBCO conductor in some
coil fabrication processes, the 77 K joint resistivity doubles
its original value. This increase in joint resistivity is likely
linked to the existence of a thin layer of non-superconducting
REBCO layer at REBCO/Ag interface as a result of the oxy-
gen out-diffusion. At 4.2 K, the joint resistivity increment by
heating is significantly less (figure 4(a)). This might be under-
stood by T distribution in the oxygen deficient region of the
REBCO layer, where part of the region is superconducting at
4.2 K but not at 77 K. Since the oxygen out-diffusion causes
both . degradation and joint resistivity rise, we can correlate
the joint resistivity with I, degradation (/.o — I.) as shown
in figure 5. The strong monotonic correlation between joint
resistivity and /. degradation further supports the thesis that
joint resistivity is dominated by the resistive interface between
REBCO and Ag, where the thickness of an oxygen deficient
non-superconducting REBCO layer increases with heat treat-
ment. This correlation also suggests that if /. is to be inten-
tionally reduced by heat treatment, some level of increase in
joint resistivity will be expected.

3.3. TEM investigation of heat treated REBCO

We have shown that the one-dimensional oxygen out-diffusion
model can explain the I, degradation and the joint resistiv-
ity rise very well. It is nonetheless highly desirable to find
direct evidence of oxygen out-diffusion via microstructure
analysis by cross-sectional TEM. The microstructures of the

A 42K

2000 ® 77K

1500 3
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500

Joint resistivity (nQ-cm?)

As-received

180 ' 200 ' 250 ' 2:10 ' ZéO ' 280
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77 K Joint resistivity (nQ-cm?)

0 T T T T T T 1
0 50 100 150
Heat treatment time at 200 °C (min.)

Figure 4. Lap joint resistivity of heat treated REBCO tapes. (a)
Joint resistivity versus heat treatment temperature for 2.5 h of heat
treatment. (b) Joint resistivity versus time for 200 °C heat treatment.

as-received, as well as samples heat treated for 2 h at 195 °C,
250 °C and 300 °C are presented in figures 6-9.

The cross-section of the as-received sample is shown in
figure 6. The REBCO/Ag, and Ag/Cu interfaces are clean
without unusual features from interfacial reactions. The aver-
age gain size of the Ag layer is 0.5 ym which remains approx-
imately the same in the heat-treated samples. The REBCO/Ag
interface is atomically sharp (figures 6(b) and (c)). The ele-
mental maps (figures 6(d)—(g)) show uniform contrast with no
additional features in the layers or at the interfaces.

When the sample is heat treated at 195 °C for 2 h, an addi-
tional layer forms at the REBCO/Ag interface (figures 7(a)
and (b)). The high resolution TEM image (figure 7(c)) shows
that this layer contains small polycrystalline grains and the
EDS composition maps confirms that it contains Cu and O
(figures 7(d)—(g)). The thickness of this layer varies from
5 to 13 nm. The measured d-spacings (inset of figure 7(c))
from the diffraction spots in the fast Fourier transform (FFT)
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Figure 5. The correlation between joint resistivity of SCS4050-AP
and its I, degradation Al, both measured at 77 K. The solid line is
a guide to the eye.

of one of the grains in this layer are 3.71 + 0.2 A and
3.00 + 0.2 A, which respectively correspond to {122} and
{302} of the metastable Cu suboxide phase of CugO. The
formation of Cug,4O, a suboxide of Cu with very low O content,
in this sample is conceivable. Because at 195 °C oxygen out-
diffusion from REBCO is still weak, which favors formation
of Cu-rich suboxide phase. This is comparable to the initial
stage of Cu surface oxidation where the Cug,O phase was first
identified [13]. The d-spacings measured from other gains (not
shown) of this layer are 3.10 4+ 0.2 Aand2.474+0.2 A, corres-
ponding to {110} and {111} of Cu,O phase respectively. Thus
both CugsO and Cu,O are found at the REBCO/Ag interface
of this sample.

In the sample heat treated at 250 °C for 2 h, Cu oxides are
formed at both REBCO/Ag and Ag/Cu interfaces, as shown in
figure 8. It appears that Cu diffused through Ag grain bound-
aries to reach the REBCO/Ag interface. Meanwhile O out-
diffused from the REBCO layer, reacted with the in-diffusing
Cu on its path. So Cu oxidation occurred at both REBCO/Ag
and Ag/Cu interfaces as well as at grain boundaries of the Ag
layer which acts as fast Cu diffusion channels (figure 8(d)).
The Cu oxide layer at the REBCO/Ag interface has a thick-
ness of 5-20 nm.

At higher heat treatment temperature of 300 °C, more
Cu diffused to the REBCO/Ag interface. Therefore more Cu
oxides are formed at the REBCO/Ag interface and at Ag grain
boundaries as shown in figure 9. The d-spacings measured
from the selected area diffraction pattern of a Cu oxide region
(inset of figure 9(b)) are 3.00 + 0.2 A, 243 + 0.2 A and
2.09 &+ 0.2 A, which corresponds to {110}, {111} and {200}
of Cu,0. The thickness of this Cu oxide layer is 30-250 nm,
much greater than that of 195 °C and 250 °C samples. It is
also noticed that the thicker interfacial Cu oxide regions are
near the Ag grain boundaries, demonstrating the key role Ag
grain boundaries played in Cu in-diffusion.

EDS is not sufficiently sensitive to small changes in oxy-
gen content, therefore not suitable for detecting oxygen defi-
ciency in REBCO. EELS, on the other hand, has been used
successfully to determine oxygen content in YBay,CuzO7_;5
crystals [14]. The intensity of O-K pre-edge peak is correl-
ated to the oxygen content § in YBa,CuzO;_s [15]. In our
EELS-SI experiment, the focused electron beam was scanned
over an area of 0.8 x 1.5 ym? with a step size of 32 nm in
both directions. O-K EELS spectra were collected at each step
with a dwell time of 0.2 s. The total of 26 spectra taken at the
same distance from the REBCO/Ag interface are summed to
enhance signal to noise ratio. For the as-received sample, in
additional to the main O-K EELS edge, there is an pre-edge
peak at 529 eV (figure 10(a)) indicating its near stoichiometry
(& ~ 0). This is true for the entire REBCO layer. In contrast, for
the 300 °C—2 h sample, the pre-edge peak disappears for the
entire REBCO layer suggesting considerable loss of oxygen
of the entire REBCO layer. Figure 10(b) shows a few EELS
spectra taken at different distances from the REBCO/Ag inter-
face of the 250 °C—2 h sample. Evidently, the pre-edge peak
which is associated with high oxygen content (low J value)
in REBa,;Cu307_s gradually decreases in prominence with
decreasing distance from the REBCO/Ag interface. This cor-
responds to an oxygen deficient REBCO layer near Ag/RE-
BCO interface due to oxygen out-diffusion. The onset of O-K
pre-edge disappearance is about 160 nm from the REBCO/Ag
interface for the 250 °C—2 h sample. While for the 195 °C—
2 h sample, the onset is at about 40 nm from the REBCO/Ag
interface.

Attempts were made to quantify the oxygen content using
the intensity ratio of the pre-edge peak to the main O-K edge
following the approach described in [14]. But large uncertain-
ties in peak areas make quantitative analysis very difficult. In
addition, since it is not possible to predict the critical cur-
rent of REBCO by its oxygen content alone, the correlation
between our EELS spectra and critical current degradation
remains qualitative.

4. Discussions

The purpose of SCS4050 samples to be heat treated in air is
to simulate REBCO coil fabrication processes which involve
heating in air. In the temperature range of our interest, cop-
per surface oxidation in air is relatively slow. For example, a
study showed that a 300 °C—2 h oxidation in air only forms a
1.2 pm thick oxides layer [16]. With a 20 pm thick copper sta-
bilizer, the oxygen cannot penetrate through the Cu stabilizer.
So the oxygen present in the environment during heat treat-
ment should not have any effect on the REBCO layer.

It is interesting to discover that for the non-stabilized
sample SF4050 heat treated in air, /. degradation is insigni-
ficant, whereas these SF4050 samples heat-treated in vacuum
has significant /. degradation that is comparable to that of the
stabilized samples SCS4050. This can be explained as the fol-
lows. SF4050 only has a silver layer above REBCO. Silver
is known to be permeable to oxygen [17]. When heat treated
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Hastelloy

Figure 6. Cross-sectional view of the as-received REBCO sample; (a) an SEM image showing the architecture of the tape; (b) atomic
resolution HAADF-STEM image of the REBCO/Ag interface; (c) magnified REBCO/Ag interface showing the atomically sharp interface;
(d) HAADF-STEM image of the EDS mapping region; (¢) EDS Cu map. The apparent Cu background in the Ag layer is due to spurious
signal from the copper sample holder; (f) EDS O map; (g) EDS Ag map.

Figure 7 TEM of the sample heat treated at 195 °C for 2 h. (a) BF-STEM image showing a thin white line at the REBCO/Ag interface;

(b) magnified BF-STEM image of the REBCO/Ag interface. The extra phase is shown as white band indicated by the black arrows; (c) high
resolution TEM of the REBCO/Ag interface showing the crystalline grains of Cu oxide at the REBCO/Ag interface. Inset: FFT pattern from
the Cu oxide grain; (d) HAADF-STEM image of the EDS mapping area. The dark band at the REBCO/Ag interface is the extra Cu oxide

phase; (e) EDS Cu map; (f) EDS O map; (g) EDS Ag map.

in air, oxygen out-diffusion does not occur. Because the oxy-
gen partial pressure in air (about 0.2 bar) is slightly higher
than equilibrium oxygen partial pressure of REBCO at that
heat treatment temperature. According to [18] and [19], the
equilibrium oxygen partial pressure corresponding to the onset
of REBCO decomposition is below 0.2 bar at 300 °C and
decreases with temperature. Hence oxygen out-diffusion does

not occur in SF4050 samples in air below 300 °C. This con-
clusion also suggests that silver stabilized conductor can be
used to mitigate the /. thermal degradation for some special
applications.

Our SCS4050 and SF4050 samples have very different ori-
ginal /. due to the difference in REBCO layer thickness (J of
these two samples were measured to be similar). As shown in
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(a)

N'

Figure 8. TEM of the sample heat treated at 250 °C for 2 h; (a) HAADF-STEM image showing Cu oxides as dark contrast lines at both
Ag/Cu and REBCO/Ag interfaces. (b) close-up of (a) at Ag/Cu interface, (c) close-up of (a) at REBCO/Ag interface. (d) EDS Cu + Ag map
showing Cu oxides at Ag grain boundaries, (¢) EDS Cu map of the REBCO/Ag interface. The apparent Cu background in the Ag layer is
due to spurious signal from the copper sample holder (f) EDS O map of the same region. These EDS maps indicates that the diffused Cu is

oxidized by oxygen.

figure 3, SCS4050 heat treated in air and SF4050 heat treated
in vacuum suffer very similar /. degradation Al. after the
same heat treatment temperature and time. This suggests that
in both cases the oxygen deficient layer have similar thick-
ness which can be explained very well by our diffusion model.
In terms of relative /. degradation, however, the thicker the
REBCO layer, the lower the relative degradation for a given
heat treatment.

Since the Ag layer does not act as an oxygen diffusion
barrier, the /. degradation of SF4050 in vacuum is only lim-
ited by oxygen out-diffusion through REBCO crystal lattice.
Since the copper stabilized SCS4050 samples degrade simil-
arly, it is inferred that oxygen out-diffusion in SCS4050 is also
controlled by oxygen diffusion through REBCO crystal lat-
tice. The copper layer seems to act as an oxygen sink rather
than a diffusion barrier by reacting with oxygen to form Cu-
oxides as observed by TEM. The oxygen diffusion coefficient
in REBCO single crystal is strongly anisotropic [20-24], i.e.
its value along ab plane D, is up to six orders of magnitude
greater than that along the c¢ axis D,. It was reported that at
400 C, D, is ~10~5 m? s~ while D, is ~10~2' m? s~ ! [20—
22]. In our samples, the oxygen diffusion direction is nomin-
ally along c axis. Our D value of 5.2 x 10~ m? s~ calculated
by equation (4) at 400 °C, however, is comparable to D, in
the literature. Similar discrepancy was observed in [22] where
SIMS studies showed that oxygen diffusion in the direction

of c-axis of a YBCO film grown on Hastelloy C-276 is close
to D,p. The apparent high diffusion coefficient along c-axis
might be due to the imperfections in the REBCO layer such as
artificial pinning centers, threading dislocations etc. Likewise,
our value of activation energy of 1.17 eV is within the range of
1.0-1.3 eV reported in [20-22] for D, which is considerably
lower than that for D, of 2.0-2.5 eV [21, 23]. It should also be
noted that our model does not fit the data perfectly in figure 2.
This seems to reflect the fact that the model we used is rather
simplistic.

It is also interesting to observe the interaction between
Cu, Ag, and O that diffused into Cu and Ag layers from the
REBCO layer. It was initially speculated that O permeates
through the Ag layer and react with Cu to form Cu oxides
at the Cu/Ag interface. However, more Cu oxides are found
at the REBCO/Ag interface as well as at the grain boundar-
ies in the Ag layer. It seems that Cu diffuse into Ag layer and
toward the Ag/REBCO interface and forms oxides whenever
they meet out-diffusing oxygen. This behavior of Cu is puzz-
ling, because the Cu-Ag interdiffusion is usually not very act-
ive at these temperatures. A cross-sectional TEM sample was
made at the back side of the 300 °C—2 h heat-treated sample
where there is a Cu/Ag interface but without REBCO. It shows
no interdiffusion between Ag and Cu. This seems to imply that
out-diffused oxygen plays an active role in facilitating Cu dif-
fusion into and through the Ag layer.
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Figure 9. TEM of the sample heat treated at 300 °C for 2 h. (a) HAADF-STEM image showing a dark line at the REBCO/Ag interface.
There are also dark lines inside the Ag layer; (b) a close-up near the REBCO/Ag interface. The dark contrasts are indicated by a white arrow
at the interface and by black arrows inside the Ag layer. Inset: selected area diffraction pattern from the interface; the bright spots are from
the dark region and black spots are from Ag; (c) EDS Cu map. The apparent Cu background in the Ag layer is due to spurious signal from
the copper sample holder; (d) EDS O map; (e) EDS Ag map; (f) EDS Ba map; these EDS maps verify that the extra phase at the REBCO
interface is Cu oxides.
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Figure 10. EELS spectra of O-K edge taken from the REBCO
layer. (a) Typical O-K spectra from the as-received and 300 °C—2 h
samples. The pre-edge peak is prominent in the spectrum of the
as-received sample. It disappears in the spectrum of the

300 °C—2 h sample indicating its oxygen deficiency. (b) O-K
spectra of the 250 °C—2 h sample taken at different distances from
the REBCO/Ag interface (as labeled in nm).

One outcome of this work is that equations (1)-(4) can
be used to predict /. degradation for a few cases of prac-
tical importance. Figure 11 shows a heat treatment time-
temperature diagram with two lines corresponding to oxy-
gen out-diffusion length x = 0.1 ym and 1.0 pm, respect-
ively. For a 1 ym thick REBCO layer, common in commercial
coated conductor, the two lines divide the diagram into three
regions: negligible degradation, significant degradation, and
severe degradation. In the central region (shaded), some care-
ful heat treatments could be performed to purposely lower crit-
ical current to a target value with a trade-off of increased joint
resistivity. Another practical case of interest is the soldering
process using either InSn (melting point 130 °C) or eutectic
Pb37Sn63 (melting point 186 °C). Figure 11 suggests that for
a Pb37Sn63 soldering process at 200 °C, the soldering time
can be up to 30 min without causing significant /. degrada-
tion or significant increase in joint resistivity. If the solder-
ing process is at 220 °C, the soldering time needs to be under
10 min in order to avoid significant increase in joint resistivity.

T T T T T T T T T T T 1
120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
Heating temperature (°C)

Figure 11. A diagram of heat treatment time-temperature indicating
regions of different levels of degradation for a 1 um REBCO layer.
The lines which corresponds to two different oxygen out-diffusion
lengths x are calculated by equations (1) and (2). From left to right,
the diagram is divided into three regions of negligible, significant
and severe degradations. The melting point of Pb37Sn63 solder is
shown in the diagram for reference.

Another important case is the short high temperatures pulses
experienced at localized hot spots during a magnet quench. In
addition to the possible mechanical damage by thermal expan-
sion mismatch, the I, degradation due to oxygen out-diffusion
at these hot spots also needs to be considered. For example,
if the hot spot is at 600 °C or above, it only takes a fraction
of a second to severely degrade the conductor by oxygen out-
diffusion.

5. Conclusions

We systematically studied the effect of heating on critical cur-
rent and lab joint resistivity of REBCO coated conductor. It
is found that /. decreases with heat treatment temperature and
time. Meanwhile the resistivity of solder lap joints increases
with heat treatment temperature and time. This effect is attrib-
uted to the oxygen out-diffusion from the REBCO layer caus-
ing degradation of its superconductivity. The effective oxygen
out-diffusion coefficient is obtained by fitting the experiment
data with a one-dimensional diffusion model. We found dir-
ect evidence of the oxygen out-diffusion in REBCO by EELS.
The oxygen diffused out of the REBCO layer reacts with the
copper in the stabilizer and forms Cu-oxides at both REB-
CO/Ag and Cu/Ag interfaces, as well as at grain boundar-
ies of the Ag layer. This one-dimensional diffusion model is
used to predict /. degradation of various scenarios of practical
importance.
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